A geometric design for a microfluidic chip using numerical simulation is presented. Finite element method was employed in order to design the microchannel configuration for a microfluidic chip array. The effect of geometry on the thermal response at the interface between the microfluidic chips and an integrated system, such as a micro-electronic device, was investigated. Dimensionless design charts, obtained from the parametric models, demonstrated that a compromise between a maximum heat transfer and a minimum interface temperature was achieved with an equilateral triangle cross-section at a microchannel spacing to width ratio of two. The transient response of the microfluidic chip implied that the transient analysis corresponded to the steady state results under different boundary conditions.
Introduction
Microfluidics, fluid mechanics at the micro scale, has received more attention in the past years due to its everincreasing applications. The adaptability of microfluidic devices, from micro heat pipes [1] in highly compacted integrated circuits to cell analysis in Bio Microelectromechanical Systems (BioMEMS) [2] , has been a key factor in their wide range of applications. The main functions of microfluidic devices in microelectronics are to maintain the electronic components below a critical temperature and to increase the level of temperature uniformity. However, for BioMEMS, the extensive range of requirements calls for the development of new applications for microfluidic devices, such as small volume sampling for glucose monitoring in biosensors [3] .
Various aspects of enhanced heat transfer, from heat pipes [4] to micro flow heated channels [5] , have been investigated in the last decades. In microelectronics, microfluidic chips provide attractive solutions for the thermal management in highly compacted integrated circuits [6] . A significant number of investigations have been carried out on different micro fluid flow/heat transfer devices such as micro heat pipes [1], microfin tubes [7] , micro heat sinks [8] , micro loop heat pipes [9] , and micro heat pipe spreaders [10] . The minimization of the heat losses in temperature sensors and heaters has been carried out by a micro-jet impingement cooling heat transfer process, and as a result a uniform heat flux along the wall has been provided [5, 11] .
Recently developed manufacturing technologies have expanded the range of material choices for MEMS technologies. The development of the new generation of polymeric lab-ona-chip devices is accelerated because of the cost effectiveness, ease of manipulation and recyclability of polymers. Particularly, the use of polymers for manufacturing microfluidic chips has several advantages including chemical inertness and stability in aqueous environments. Attaching polymeric microfluidic systems to different materials, such as glass [12] , provides better optical detection for microfluidic systems for transparent polymers. Use of polymeric microfluidic chips rather than silicon wafer chips in the thermal applications has also various advantages. Most of the microfluidic chip manufacturing techniques utilize different methods of etching silicon [6] as the substrate for microchannels. However, in some applications, such as temperature sensors, having highly conductive substrates, such as silicon, leads to undesirable heat losses from the walls and non-uniform heat flux boundary conditions in the heated walls [5] . Therefore, research has been carried out to reduce the axial conductivity of the substrate in microfluidic chips [11] . New techniques for manufacturing complex microfluidic devices, such as robotic deposition of a fugitive organic ink impregnated with an epoxy resin [13] , were also developed. Although epoxy has a very low thermal conductivity (around 1 W/mºC), even in the applications where a high effective conductivity is desirable, the possibility of making a three-dimensional microchannel configuration can significantly increase the overall thermal efficiency. Furthermore, the low conductivity of epoxy is beneficial for measuring temperature in sensor applications. For heat removal applications, the use of high conductive epoxies through the addition of conductive particles, such as silver nano particles [14] , can significantly improve the thermal conductivity.
The geometric optimization of microfluidic chips has always been of interest. Although for some applications, the geometric parameters are dictated by the required patterns of the microchannels [15] , research has been primarily conducted on the geometric optimization of microfluidic chips particularly for heat transfer applications. The effects of thermophysical properties and design parameters of micro heat pipe [16] and groove geometries [17] have been addressed based on capillary limits. The effect of geometry on the maximum heat transport of triangular micro heat pipes was also investigated for an array of microchannels and the results were evaluated by theoretical modelling [18] . Ma and Peterson investigated the effect of width of triangular microchannels on the maximum heat transport for ten grooved plates with identical apex angles of 60º. Peterson et al. [19] found the maximum temperature of a silicon wafer and the effective thermal conductivity of micro heat pipe arrays experimentally. They also presented the temperature gradient along the axis of the microchannels. The impact of microchannel geometry on the heat transfer in the electronic cooling application was studied by Dickey and Lam [20] . Using numerical simulation, Dickey and Lam considered an array of triangular microchannels and investigated the effect of microchannel gap distance and microchannel size on the average temperature of the top surface. Covering a range of 0-60 µm for the gap distance, they suggested the value of 6 µm independently of the microchannel size. A more detailed geometric optimization on rectangular microchannels made in silicon wafer was conducted by Li and Peterson [21] . They mainly considered the thermal resistance as the objective function and suggested 120 channels per centimeter. Single-phase flow [8] and two-phase flow [22] as different regimes in microchannels have been investigated, while phase changes in microchannels were addressed by Zhang et al. [23] .
Most of the previous investigations on the geometric aspects of microchannel thermal performance dealt with a single microchannel [24] [25] [26] , and provided specific suggestions for a given problem. However, the effect of various microchannel geometries on the overall heat transfer characteristics of the array has not been previously addressed. In this paper, different microchannel cross-sections are considered and the configuration of microchannels in an array is investigated. Considering the crucial requirement for sharp corners, in case of using capillary pressure difference as the driving force, a geometric optimization for different configurations in an array of microchannels is conducted. Dimensionless design charts, based on parametric models of various microchannel configurations, can then be utilized in the geometric design of an array of microchannels under different working conditions. Therefore, independently from the problem configuration, an optimized geometry of microchannels for any thermal application can be selected from the design charts. This work will assist the microchannel manufacturing process based on the robotic deposition of the fugitive organic ink impregnated with an epoxy resin [13] .
Microchannel modelling
To capture the intricate flow and heat transfer phenomena within a microchannel having a large aspect ratio (on the order of 1000), a compromise between cross-sectional nodal resolution and computational time must be found [27] . The microchannel modelling considers the channels as a homogeneous material in order to investigate the effect of channel configuration on the thermal performance of the entire microfluidic chip. However particularly, for microfluidic chips without micropump, the absence of sharp edges for circular cross-sections significantly reduces the capillary pressure gradient necessary to provide flow inside the microchannels. Consequently, the modelling proposed here focuses only on triangular, rectangular, and trapezoidal cross-section geometries.
Single microchannel
Thermal microfluidic chips operate under different boundary conditions depending on the application in which the microchannels are used. The high aspect ratio of microchannels as well as their high effective conductivity causes a dominant one-dimensional heat flux along the microchannel. In the cases where the boundary heat flux is perpendicular to the microchannel axial direction, the heat flux turns to be in the axial direction in a reorientation zone between the evaporator/condenser and the adiabatic sections. The investigations of the characteristics of this zone (e.g. the length, heat flux in different directions, etc.) will allow the simplification of the boundary conditions. For example, if the reorientation zone is ignored, all heat fluxes applied to the microchannel can be assumed to be in the microchannel axial direction.
To consider the heat flux reorientation zone in a microchannel, a numerical model of a single microchannel is defined in ANSYS 10.0. The microchannel was modeled as a homogeneous material with equivalent material properties obtained from the literature [30] . It was demonstrated that the microchannel working fluid content had an effect on the thermal performance. An optimum content of 20-25% gave the best results [6] . Therefore, a fluid content of 22.5% by volume was used to derive the microchannel equivalent material properties. Table 1 lists the material properties used in the simulations for the microchannel. Fig. 1 shows a schematic configuration of the finite element model. Low conductivity of epoxy causes low heat transfer trough the adiabatic and the bottom surface in evaporator and condenser sections. The microchannel was meshed with 24000 elements and the model boundary conditions were applied according to Fig. 1 . The heat fluxes at the
